The desirable physical properties of hardness, high temperature stability, and conductivity make the early transition metal nitrides important materials for various technological applications. To learn more about the nature of these materials, first-principles density-functional theory calculations using the full-potential linearized augmented plane wave ͑FLAPW͒ method within the local-density approximation ͑LDA͒ and with the generalized gradient approximation ͑GGA͒ have been performed. We investigate the bulk electronic and physical properties of a series of early transition metal mononitrides, namely, those formed with 3d metals ͑ScN, TiN, VN͒, 4d metals ͑YN, ZrN, NbN͒, and 5d metals ͑LaN, HfN, TaN͒ in the rocksalt structure. In particular, lattice constants, bulk moduli, heats of formation, and cohesive energies as well as bulk band structures and densities of states are reported, and trends discussed. We find that the GGA yields 1%-2% larger lattice constants, 10%-20% smaller bulk moduli, and 10%-30% lower heats of formation compared to the LDA. The GGA slightly overestimates lattice constants, but leads overall to an improved agreement with experiment compared to the LDA, for which the values are too small. These materials are metallic with the exception of ScN, YN, and LaN, which appear to be semimetals within the LDA ͑and GGA͒, but are in fact semiconductors with indirect band gaps of 1.58, 0.85, and 0.75 eV, respectively, as revealed by calculations performed using the screened-exchange LDA approach. These last, relatively unexplored, refractory III-V nitrides may therefore have potential use in device applications; in particular, ScN is well lattice matched to GaN, a wide-band-gap semiconductor that is of great current interest in relation to optoelectronic devices, and high temperature and high power electronic applications.
I. INTRODUCTION
The early transition metal ͑mono͒nitrides, which crystallize in the rocksalt structure and are known as refractory compounds, exhibit extreme and unique physical properties of hardness, brittleness, high melting point, and in several of these compounds, a relatively high superconducting transition temperature ͓e.g., TiN and VN ͑Ref. 1͒, NbN ͑Refs. 2,3͒, and TaN ͑Ref. 4͔͒. Because of these properties, they have technological applications in the area of hard coatings 5 for cutting tools and potential uses as hard coatings for magnetic storage devices. In particular, the hardness of thin films of these materials can be significantly enhanced to ''superhardness'' ͑i.e., having a Vicker hardness of у40 GPa͒ by creating superlattices of nanoscale dimensions consisting of alternating layers, e.g., of TiN and VN. 6 And, very recently, a coating structure has been reported, nc-TiN/a-TiSi x ͑where nc denotes nanocrystalline and a amorphous͒, which reaches the hardness of diamond. 7 In order to understand the characteristic nature and behavior of these materials it is necessary, as a basis, to have a firm understanding of the bulk properties. In this respect, transition metal nitrides are also interesting from the point of view of fundamental studies due to their unusual and varied properties. In contrast to the transition metal oxides, they have received comparatively little attention.
There have been several earlier first-principles studies into the bulk properties of these materials: Papaconstantopoulos et al. 8 studied group V and VI transition metal mononitrides, focusing on superconducting properties, and MoN in particular. Zhukov et al., 9 acknowledging that the transition metal nitrides ͑and carbides and oxides͒ usually contain vacancies, investigated TiN and VN ͑as well as their carbides and oxides͒ and the effect, in particular, that metalloid ͑N, C, or O͒ vacancies have on the bonding properties. Electronic, cohesive, and thermodynamic properties have been reported for 3d and 4d transition metal monocarbides and mononitrides in the rocksalt structure by Fernández Guillermet and Grimvall 10, 11 and by Häglund et al. 12 Shimizu et al. 13 studied the electronic and magnetic properties of the mononitrides in the rocksalt and zinc sulfide structures formed with 3d transition metals. More recently, first-principles calculations on the magnetic properties of FeN ͑Refs. 14,15͒ and CrN ͑Ref. 16͒ have been reported. With respect to ScN, experiments have found it to be a semiconductor, [17] [18] [19] [20] [21] but also to be a compensated indirect semimetal. 22 Density-functional theory ͑DFT͒ calculations performed within the local-density approximation ͑LDA͒ find it is a semimetal. 23, 24 It is well known, however, that the LDA underestimates the band gap of semiconductors. [25] [26] [27] Thus, there is some uncertainty at present concerning the electronic character of ScN and it is desirable therefore to use a theoretical approach that describes the band gap more accurately in order to investigate the electronic structure of this material and to establish its nature.
In this paper, we report first-principles all-electron density-functional full-potential linearized augmented plane wave ͑FLAPW͒ calculations for a series of early ͑nonmag-netic͒ transition metal mononitrides, namely, those formed with 3d metals ͑ScN, TiN, VN͒, with 4d metals ͑YN, ZrN, NbN͒, and with 5d metals ͑LaN, HfN, TaN͒-all in the rocksalt structure. We are interested in the bulk properties of these materials and in particular report the electronic structure, lattice constants, and bulk moduli, as well as the heats of formation and cohesive energies. We employ the LDA and generalized gradient approximation ͑GGA͒ for the exchange-correlation functional and investigate any improvements brought about by the GGA. Recent overviews concerning the performance of GGA's can be found in Refs. 28 and 29. Indeed, for many molecules and solids GGA's have been shown to yield more accurate binding ͑or cohesive͒ energies than the LDA. Reaction and activation energies for various chemical reactions as well as for the adsorption of adparticles on surfaces of metals and semiconductors are likewise improved ͑see, e.g., Ref. 30 and 31 and references therein͒. While GGA's tend to yield larger crystal equilibrium volumes compared to the LDA, they do not in general lead to more accurate structural or elastic parameters than the LDA compared to experiment, and some limitations have been pointed out. [32] [33] [34] However, the relative energetic stability of some structural phases has been reported to be better described for magnetic and nonmagnetic systems.
In contrast, band gaps for the III-V nitrides ͑AlN, GaN, and InN͒ were found not to be improved with the GGA, 35 although there have been conflicting results for transition metal oxides in the literature: studies by Dufek et al. 36, 37 reported a significant improvement in the band structure when using the GGA: in an earlier publication, however, Leung et al. 38 reported no significant change in the band structure between LDA and GGA results for the same materials.
Hence, for ScN ͑and YN and LaN͒, which are the most likely candidates to exhibit semiconducting behavior due to the complete filling of bonding states and completely unoccupied non-bonding and antibonding states, 22 we have calculated band structures using the GGA-and have also investigated the excited state properties using the screenedexchange ͑sX͒ LDA. [39] [40] [41] [42] Such an approach is less computationally demanding than the GW method 43 and also permits self-consistent determination of electronic structures as well as eigenfunctions. 41 It has also been shown to yield better agreement than the LDA with experimental values for lattice constants and band gaps. [39] [40] [41] .
II. CALCULATION METHODOLOGY
The density-functional theory calculations are performed using the first-principles FLAPW method 44 with the localdensity approximation 45 as well as the generalized gradient approximation 46 for the exchange-correlation functional. Selected calculations are also performed using the recently implemented 41 sX-LDA for ScN ͑and YN and LaN͒ for which there is some question as to the nature of the excited state band structure. Angular momenta up to l max ϭ8 in the muffin-tin spheres for both the wave functions and charge density are used in the self-consistent cycles. The muffin-tin radii R MT , k-point set, and plane-wave cutoffs K max for each transition metal nitride system were carefully tested. Those used are listed in Table I along with the calculated bulk physical properties, namely, the lattice constants, bulk moduli, and heats of formation. The heats of formation are obtained by considering the reaction to form ͑or decompose͒ crystalline bulk nitrides from ͑or into͒ the elements:
where X stands for the metal atom. Then from the respective total energies of these phases we obtain the heat of formation as
where E tot XN , E tot N 2 , and E tot X are, respectively, the total energies of the bulk nitride system, the free N 2 molecule, and the bulk metal. ͑Here we have defined a positive value to represent an exothermic reaction and a negative value an endothermic one.͒ In obtaining the required bulk metal total energy ͑the corresponding atomic structure for the metal series studied is either hexagonal close packed or body-centered cubic͒, we optimized the crystal volume to be consistent with the rest of our calculations in which the structures are also optimized to their theoretical equilibrium geometries. ͑For the hexagonal structures, the c/a ratio was fixed at the experimental value and the lattice constant a was varied to optimize the volume.͒ We found that the metal lattice constants were between 1.5% and 3.0% smaller than the experimental values for the LDA; the values obtained using the GGA were 2.2%-3.3% larger than those of the LDA and thus very close to experiment ͑to within Ϫ1.2%-0.0%͒.
With respect to the N 2 molecule, we placed the molecule in a cube with side length of up to 14 Bohr and used the ( 1 4 1 4 1 4 ) k point for the Brillouin zone integration, which yields faster convergence than the ⌫ point. The bond length was calculated to be 1.09 Å within the LDA and 1.10 Å within the GGA, in good agreement with other calculations e.g., 1.099 ͑Ref. 35͒ and 1.085 ͑Ref. 47͒ for the LDA and 1.105 ͑Ref. 35͒, 1.095 ͑Ref. 47͒ for the GGA, as calculated using DFT with the pseudopotential method, and 1.1095 ͑Ref. 47͒ and 1.102 ͑Rev. 47͒ for the LDA and the GGA, respectively, as calculated using the full-potential linearized augmented plane wave method. The experimental value is 1.098 Å. 48 Since use of the sX-LDA method is relatively recent we outline it briefly. The method was first proposed by Bylander and Kleinman 39 in order to obtain a more accurate description of the band gap. Seidl et al. 40 showed that the method can be introduced as a particular case of the generalized Kohn-Sham ͑KS͒ framework, the essence being that the energy functional can include some part of the interacting energy functional as well as the noninteracting one ͑as employed in the KS scheme͒. The single-particle equation is then written as
where v e f f (r) is the effective potential from the LDA and v sx NL and v sx L are nonlocal and local screened-exchange potentials. From Eq. ͑2͒ it follows that
where E g sx is the energy band gap obtained from the sX-LDA method. We note that this self-consistent approach has been TABLE I. Lattice constant a 0 , bulk modulus B, and heat of formation ⌬H f 0 for a series of early transition metal mononitrides in the rocksalt structure. Also listed are the plane wave cutoffs K max and muffin-tin radii R MT . The calculational parameters employed are the same for the GGA as for the LDA except where explicitly indicated. The number of k points used in the irreducible part of the Brillouin zone is 60 in all cases ͓the folding parameters for the Monkhorst-Pack scheme ͑Ref. 56͒ are ͑8 8 8͔͒.
System
Method formulated and implemented, not just for bulk calculations, 41 but also for superlattices and film geometries where the linear response is spatially nonuniform.
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III. RESULTS
A. Physical properties
The calculated lattice constants, bulk moduli, and heats of formation are listed in Table I , as obtained using the LDA and the GGA. Where possible, we have included the results of other ab initio calculations and experimental values. Our calculated results are also presented in Fig. 1 where the trends can be seen more easily. On going from ScN to TiN to VN ͑left to right in the periodic table with respect to the metal atom͒, where the metal 3d states are being consecutively filled, i.e., having one, two, and three electrons, respectively, it can be seen that the lattice constant decreases ͓Fig. 1͑a͔͒ and the bulk modulus increases ͓Fig. 1͑b͔͒. A similar trend is seen for the 4d metal and 5d metal nitride materials. Such a trend is also observed for the bulk metals, which is explained in terms of the filling of the d bands. 49 On going down the columns of the periodic table, the lattice constant exhibits an increase in accordance with the larger size of the metal atom. The results obtained using the LDA and the GGA show the same trends, with the GGA yielding 1%-2% larger lattice constants and 10%-20% smaller bulk moduli compared to the LDA. The GGA yields closer agreement with experiment, although the lattice constant is slightly overestimated.
The heat of formation ͓Fig. 1͑c͔͒ calculated using the LDA exhibits a decrease for the 3d metal nitrides on going from left to right in the periodic table. For the 4d and 5d series a small ͑0.15 eV͒ and larger ͑0.93 eV͒ increase is initially observed on going from YN to ZrN and from LaN to HfN, respectively. This is followed by a strong decrease, as for the 3d series, of 1.6 eV on going from ZrN to NbN and of 1.9 eV on going from HfN to TaN. The heats of formation calculated within the GGA exhibit the same trend as in the LDA but are from 10% to 30% smaller. We note that a similar behavior with respect to the GGA relative to the LDA has been reported for the III-V nitrides ͑AlN, GaN, and InN͒. 35, 47 The trend of a sharp decrease on going from TiN to VN is also found in Ref. 10 using a generalized approach that combines theory and experiment, and for YN, ZrN, and NbN, the work of Ref. 50 , which uses the augmented spherical wave method, finds a similar trend to what is found here. This trend is also reproduced by a semiempirical method; 51 the trend in the study of Guillermet et al.
11 differed in that a higher heat of formation was found for YN as compared to ZrN.
With respect to the significant decrease in the heat of formation observed for VN, NbN, and TaN, part of the reason for this can be related to the metal-metal bonds of the material, in that in the nitride compounds they are considerably stretched compared to their bulk values, namely, by 12.9%, 10.4%, and 7.7% ͑LDA͒ and by 12.8%, 9.2%, and 8.4% ͑GGA͒, for V, Nb, and Ta, respectively. For the nitrides to the left of these, i.e., all the others nitrides considered here, the difference in the bond length of the metal in the bulk phase and at the atomic positions it has in the nitride compound, is notably smaller, i.e. only between Ϫ3.4% and 4.4% ͑LDA͒ and Ϫ3.6% and 4.5% ͑GGA͒, and thus so is the associated energy cost to change the metal-metal bond length. Furthermore, on going from left to right in the periodic table, for the metals considered here, the energy cost for distortion of the metal bonds has been shown to increase, as discussed by Gelatt et al. 50 This energy cost E cost is also shown in Fig. 1͑c͒ ͑lower curves͒ together with where E tot X and E tot metal fcc(XN) are the total energies per atom of the bulk equilibrium structure of the transition metal and of the transition metal in the fcc structure at the lattice constant of its mononitride, respectively.
On first consideration, values of the heat of formation that do not monotonically increase from left to right in the periodic table may seem counter-intuitive in relation to their lattice constants, which decrease from left to right, and the corresponding bulk moduli, which increase from left to right. That is, it could be expected that for materials with have a smaller lattice constant and larger bulk modulus, the bond strength would be stronger and the cohesive energy larger, and consequently the heat of formation also larger. In order to understand the values of the heat of formation, we express it as
where E coh XN and E coh X , are the cohesive energies of the nitride compound and the metal, respectively, and E bind N 2 is the binding energy of the N 2 dimer. While the last value obviously remains the same for all the compounds, the cohesive energy of the metal varies across the periodic table; in particular, it generally peaks in the middle of the transition metal series ͑i.e., from row IIIB to IB in the periodic table͒. 49 Thus, the trend in the heat of formation of the nitrides will be a result of the relative changes in the cohesive energies of the nitride compounds and the bulk metals across the series. The cohesive energies of the nitride compounds and the bulk metals, as calculated using the LDA, are shown in Fig. 1͑d͒ .
For the total energies of the free atoms required in the calculation of cohesive energies in Fig. 1͑d͒ , where E tot free N is the total energy of the N atom ͑again defining a positive value as representing a bound system͒.
Considering first the 3d nitride series, the drop in ⌬H f 0 on going from ScN to TiN can be seen from Fig. 1͑d͒ to be due to the fact that the increase in the metal cohesive energy is greater than that of the nitride ͓cf. Eq. ͑5͔͒, and on going from TiN to VN, even though the metal cohesive energy does not change very much, that of VN is considerably less than that of TiN. For the 4d series on going from YN to ZrN, the cohesive energy of ZrN also increases as does that of the metal Y; in this case, the increase in the nitride is slightly greater than that of the metal so we observe a slight increase in ⌬H f 0 . The significant decrease from ZrN to NbN is a consequence of the fact that the cohesive energy of NbN is less than that of ZrN, and the cohesive energy of Nb is greater than that of Zr ͓see Fig. 1͑d͒ and Eq. ͑5͔͒. Similar considerations can explain the heats of formation for the 5d series.
Thus, we see in fact that the cohesive energies of the nitrides do exhibit a similar trend to their constitutent metals for the first two columns: an increase in the bulk modulus, a decrease in the lattice constant, and an increase in the cohesive energy. And in these nitrides, the metal-metal distance is similar to that in the bulk metal. It is only for the third column nitrides ͑for VN, NbN, and TaN͒ that there is a deviation; in particular, the cohesive energy does not increase ͑VN and NbN͒ from left to right ͑i.e., from second to third column͒, or it increases much less ͑TaN͒ than in the case for the change from first to second column, which results in a noticeable drop in ⌬H f 0 . We attribute this behavior to the fact that the metal-metal distance in the nitride compounds in this third column is significantly larger than in the bulk metal and so the system does not gain this metal-metal bonding-in contrast to the nitrides in the first and second column. This could be due to the additional electrons in the system that occupy nonbonding states 53 which may prevent a closer metal-metal distance. The experimental values of the cohesive energies of the nitrides to which we can compare, in particular, for the 3d and 4d nitrides, exhibit a similar trend, but are about 6-18 % lower. 11, 12 This overbinding is typical for DFT-LDA calculations.
It is interesting to note that the high binding energies, high melting points, and extreme hardness of these materials generally are typical of covalently bonded systems but that most of these refractory metal compounds exhibit metallic conductivities comparable to those of the pure transition metals. Their crystal ͑rocksalt͒ structure on the other hand is more typical for ionic crystals. In this respect, in the next section, we examine the electronic properties and the bonding nature.
B. Band structure
The DFT-LDA electronic bulk band structures are displayed in Fig. 2 . It can be seen that all the materials are metallic in nature except for ScN, YN, and LaN, for which the band structure indicates that these materials are semimetals. For these systems the GGA is found to yield a very similar band structure to the LDA and thus brings about no improvement with respect to, for example, predicting semiconducting behavior as had been suggested by experiment. This is essentially the same result as has been found for the III-V nitrides, 35 where the GGA yields a very similar band gap as the LDA for AlN and GaN, while for InN the band gap remains negative.
Characteristic band separations are listed in Table II . E NsϪNp is the energy gap between the N s band and the valence band complex, ⌬E d is the zone-center metal d band splitting, and E p ϪE s is the N p -N s energy gap E(⌫ 15 ) ϪE(⌫ 1 ). In each of the nitride groups, on going down the columns, the d band broadens and generally ⌬E d increases. From left to right across a row, a downward shift of the bands can be observed, in accordance with the sequential filling of the d bands-which is similar to what occurs in the bulk metals. As a consequence, we can observe the smooth trend of a decrease in E NsϪNp . Furthermore, ⌬E d exhibits a decrease from left to right ͑with the exception of LaN͒ and E p ϪE s exhibits a smooth increase.
As Harrison and Straub 53 describe, ScN, YN, and LaN in the rocksalt structure, have eight valence electrons per atom pair, and only bonding states are filled. For TiN and VN, which have nine and ten valence electrons per atom pair, respectively, and similarly for ZrN, NbN ͑4d), and HfN, TaN ͑5d), the additional electrons occupy nonbonding states, which do not modify the bonding properties significantly, but do make the compound metallic. Only for transition metal nitrides further to the right in the periodic table do antibonding states become occupied-and these compounds are then 
͑1.01͒
not stable in the rocksalt structure. 53 With respect to ScN ͑and YN and LaN͒, due to the complete filling of bonding states and the completely unoccupied nonbonding and antibonding states, ScN might indeed be inclined to be semiconducting. 22 As mentioned above, within the LDA and GGA we find ScN to be a semimetal ͑as for YN and LaN͒; as noted earlier, some experiments, however, have indicated that ScN may be a semiconductor. To investigate this possibility we performed calculations using the sX-LDA. We find that these materials are indeed semiconductors and with an indirect band gap: ScN has a band gap of 1.58 eV, YN 0.85 eV, and LaN 0.75 eV. The calculated band structures are shown in the left column of Fig. 3 and the total densities of states are shown in the right panel. The associated band separations are listed in parentheses in Table II . It can be seen that compared to the LDA band structure, in addition to the appearance of an indirect band gap, the N 2s bands lie 1.5-2.5 eV lower in energy.
We have learned very recently that two other theoretical investigations of the band structure of ScN have been reported, both of which also predict that it is a semiconductor: From local ͑spin͒ density calculations, including estimated quasiparticle corrections, Lambrecht 54 predicts an indirect band gap of 0.9 eV ͑significantly smaller than our value͒, and Gall et al. 55 using density-functional theory and the exact-exchange formalism predict an indirect band gap of 1.6 eV ͑in excellent agreement with our result͒; further, in this work 55 an experimental band gap of 1.3Ϯ0.3 eV was determined from measurement of the optical properties-in particular, through transmission, reflection, and spectroscopic ellipsometry experiments, as well as by valence band photoelectron spectroscopy. The result provides confidence in our results also for YN and LaN, and so raises our expectation for early confirmation of our predictions for these materials.
C. Density of states
The total partial densities of states ͑DOS͒ for the nitride series studied are shown in Fig. 4 for the metal atom and for the nitrogen atom of the bulk compound, in addition to their state (s, p, d) resolved DOS's. These quantities indicate that there is a strong hybridization between the N states and the metal states with the energy position and shape of the partial DOS's for the N and metal atoms appearing very similar. The feature lying lowest in energy is the N 2s derived state. With respect to the valence band complex, there are two high density regions separated by a low electron density region. The bottom of the lower region involves metal s -N p states and above this, metal d ͑and some p) -N p bonding contributions. 8 The upper region, which, except for ScN, YN, and LaN, is cut by E F , is mainly due to metal d states with some N p component. Also the N s state mixes with the metal atom s states. These hybridizations are indicated from the decomposition of the partial DOS's into their s, p, and d contributions as seen in Fig. 4 .
An indication of this bonding configuration can also be seen through plotting the electron density distributions in an appropriate narrow energy region. As an example, we show in Fig. 5 , for TiN, the electron density distributions for states in the above-mentioned regions, namely, ͑a͒ Ϫ16 to Ϫ15 eV, ͑b͒ Ϫ8 to Ϫ7 eV, ͑c͒ Ϫ2 to Ϫ1 eV, and ͑d͒ 5 to 6 eV, with respect to E F . The first energy range shows clearly that the states are predominantly N related with a small contribution from the metal. In the next region, at the bottom of the valence band, the states are composed of both N and metal orbitals, as are those in the next energy region. The unoccupied states at 5-6 eV are clearly essentially due to the metal atoms.
D. Difference charge densities
It has been proposed for such systems as those studied here, i.e., systems that involve the bonding of transition metals to nontransition metals, that the bonding can be thought of as consisting of two competitive processes: 50 ͑i͒ a loss in metal-metal bond strength due to the ͑usual͒ enlargement of the volume of the unit cell caused by the addition of N ͑or, e.g., O or C͒ in the interstitial positions of the fcc lattice, and ͑ii͒ an energy gain due to favorable bonding interactions with these metalloid atoms. With respect to this picture, as discussed above, we have investigated the energy cost to change the equilibrium volume of the metal to that of its nitride ͑but without N͒; the results were presented in Fig.  1͑c͒ ͑lower curves͒. Not surprisingly, we found a larger energy cost for a larger volume expansion, i.e., for VN, NbN, and TaN. We also constructed the electron density redistribution due to the interaction of N and the metal atom, i.e., we calculated the difference in valence electron density,
where n NX bulk , n N fcc , and n X fcc are the total electron densities of the bulk and the N and metal atoms at the ͑fcc͒ positions that they have in the nitride (XN) crystal. The results are presented in Fig. 6 . It can be seen that for each material there is an increase in electron density at the N atoms and a decrease in the interstitial region between the metal atoms where the metal-metal bonding was formed in the reference structure. This charge rearrangement reflects the electronegative nature of N. For VN, ZrN, NbN, LaN, HfN, and TaN, there is also a decrease at the metal atoms, while for ScN, TiN, and YN, there is an increase in the electron charge density at the metal atoms.
These electron density rearrangements are reflected in the change in charge density contained in the muffin-tin and interstitial regions for the nitrides, as compared to the corresponding quantities in the separated, constituent systems where the atoms are at the ͑fcc͒ positions that they have in the nitride (XN) crystal. In all cases, the interstitial region was found to have lost charge density and the N muffin-tin sphere to have gained density. ͑For this analysis, for all systems, for consistency in the comparison, we used the same N muffin-tin radius of 1.5 a.u.͒ With the exception of LaN and HfN, the charge density in the muffin-tin sphere of the metal atom has also increased. We point out that to some degree this depends on the chosen metal muffin-tin radius ͑which is arbitrary͒; i.e., in some cases ͑VN, ZrN, NbN, TaN͒ the increase is just due to the tail of the electron density increase that is centered at the N atom which enters the metal muffintin sphere.
In view of the electronic properties investigated, we find that the bonding of these materials has a covalentlike character given the notable hybridization of N and metal states as found in the density of states; as seen from the above, however, there is also an ionic component with a significant charge transfer to the more electronegative nitrogen atom, as well as clearly a metallic nature ͑with the exception of ScN, YN, and LaN͒.
IV. CONCLUSION
Systematic full-potential linearized augmented plane wave calculations have been performed for a series of bulk early transition metal mononitrides. Equilibrium lattice constants and bulk moduli have been obtained as well as heats of formation and cohesive energies. Both the LDA and the GGA were employed and their performance compared. Both exchange-correlation functionals exhibit the same trends with the GGA yielding 1%-2% larger lattice constants, 10%-20% smaller bulk moduli, and 10%-30% smaller heats of formation compared to the LDA. With respect to available experimental results, the GGA yields lattice constants in overall closer agreement, but with a tendency to slightly overestimate them. The bonding nature of these materials can be described as covalentlike due to hybridization of N and metal states, but there is also some ionic character with electron transfer from the metal atoms to the nitrogen atoms, as well as the obvious metallic character. ScN, YN, and LaN are found from our sX-LDA calculations to be semiconductors with indirect band gaps of 1.58 eV, 0.85 eV, and 0.75 eV, respectively, in contrast to LDA and GGA results which predict that they are semimetals. Very recent unpublished experimental results 55 for ScN appear to verify this result and we hope future experiments can verify our predictions for YN and LaN as well.
